Large scale application of biogas latrine technology in developing countries faces technical, socioeconomic and financial challenges. As a result, harnessing its full potential has not been realized. This study examined variables describing the design, construction, operation and maintenance of nineteen biogas latrines in relation to their performance in Kampala and Nairobi, based on survey and field observations. Pre-tested questionnaires were administered to users, owners and construction technicians/masons of the biogas latrines. Field observations were also undertaken to assess physical conditions of the biogas latrines. Principal component analysis was then used to establish correlation between variables of design, construction, operation and maintenance in relation to the performance of biogas latrines in terms of burning hours in a day. The design types of all the studied biogas latrine digesters were found to be of fixed dome. Co-digestion of human excreta and cow dung increased the number of biogas burning hours in a day from 0.5 to 1.1. The findings also show that the performance of the biogas latrines was influenced by six of the variables examined describing construction, operation and maintenance: skills of masons, use of standards in construction, training of users on operation and maintenance aspects, number of users/owners and their motivation for installation of biogas plants and physical conditions of the biogas latrines. This implies that the use of skilled masons, comprehensive training of users on operation and maintenance aspects and use of cosubstrates are key variables for optimal performance of biogas latrines.
INTRODUCTION
The sub-Saharan Africa (SSA) region is experiencing unplanned rapid urban population growth arising mainly from rural-urban migrations. Consequently, urban settlements in many SSA cities and towns are informal and occurring in slums. Incidentally, the high rate of urban population growth is not marching with existing energy sources and sanitation facilities due to higher demand from increasing population. Therefore, provision of safe and affordable sanitation in poor urban areas is one of the challenges for rapidly growing cities in low income countries (Reis et al., 2008) . Urban sanitation improvements in developing countries have occurred in formal settlements whereas in densely populated parts of urban areas, sanitation provision is inadequate and is with least progress (Buttenheim, 2008; Hanchett et al., 2003) . Inadequate sanitation has negative impacts on the environment and public health in urban areas of developing countries than in rural areas where simple and sustainable on-site sanitation solutions can be implemented (Bartlett, 2003; Genser et al., 2008) . Therefore, innovative sanitation technologies including both on-site and off-site have been adopted in peri-urban and slum areas. Biogas latrine is one such technologies that can offer a sanitation solution in urban slums (Schouten and Mathenge, 2010) and has gained prominence in recent years (Bensah et al., 2010) . However, inactivation of pathogens in resultant slurry from mesophilic anaerobic digestion in biogas latrines is not completely achieved (Mehl et al., 2011 ). This will have an impact on human health if slurry is used as manure in agricultural fields that has food crops and grazing livestock in that the pathogens which are disease causing could be transferred to humans through the food chain (Eamens et al., 2006) . To minimize this impact on human health, slurry should be sanitized before it is used in agriculture and multi-barrier measures to risk reduction should be applied (WHO, 2006) .
A biogas latrine is an integrated waste management system that provides a sanitation solution as well as energy in form of biogas (Buxton, 2010) . It consists of a latrine structure, digester, displacement chamber, mixing chamber, slurry pit and biogas piping system (Sasse et al., 1991) . The major designs and types of biogas latrine digesters used in developing countries are fixed dome and floating drum (Omer and Fadalla, 2003; Rajendran et al., 2012) . These digester types operate with a seat on top of the digester either fixed or movable depending on the design type (Nijaguna, 2002) . The performance of biogas latrines is indicated by their ability to provide sanitation solution to users and biogas production, which can be deduced from the number of gas burning hours, in instances where the gas line is not metered.
The performance of biogas latrines in relation to biogas production is mainly affected by temperature, organic loading rate, pH, moisture content, carbon to nitrogen ratio of substrates and hydraulic retention time (Deublein and Steinhauser, 2010) . Other factors influencing performance are related to construction, operation and maintenance of the biogas plants (Day et al., 1990) . A number of biogas latrines have in the past been abandoned due to poor feeding and irregular maintenance of the digesters (Arthur et al., 2011; Parawira, 2009 ). The lack of trained personnel responsible for construction of biogas latrines negatively affects their performance (Estoppey, 2010; Mwakaje, 2008) . Additionally, biogas loss from latrines that were constructed by unskilled personnel in the slums of Nairobi has been documented (Umande, 2014). The operation and maintenance of the biogas latrines is dependent on the motivation of users to get sanitation and energy benefits from installed latrines. The sense of ownership by users of the biogas latrines is an important motivation in ensuring that they are properly operated and maintained (Ghimire, 2013) .
Contrasting performance of biogas latrines have been reported in East Africa (Letema et al., 2012) varying even within the same city. In Kampala for example, biogas production is affected by the feeding and maintenance regimes (Lutaaya, 2013) whereas in Nairobi it is affected by operation and maintenance (Kithandi, 2014) . There is currently limited information related to design, construction, operation and maintenance of biogas latrines. This is probably responsible for low adoption of the technology. Therefore, this study evaluated the effect of design, construction, operation and maintenance on performance of biogas latrines in East Africa with case studies in Kampala and Nairobi cities.
MATERIALS AND METHODS

Study areas
The study areas were cities of Kampala, Uganda (00° 18' 49'' N and 32° 34' 52'' E) and Nairobi, Kenya (1° 17' S 36° 49' E). Kampala has a population of 1.516 million people (UBOS, 2014) compared to 3.138 million people in Nairobi (KNBS, 2013) . Kampala is the capital city of Uganda and has five administrative divisions of Makindye, Rubaga, Central, Kawempe, and Nakawa (Figure 1 ). In Kampala, the study was conducted in the four divisions of Makindye, Kawempe, Rubaga and Central. More than 60% of the population in Kampala live in slums characterized by high population density of more than 500 persons/hectare (Kulabako et al., 2010; UBOS, 2014) . Nairobi is the capital city of Kenya and has eight administrative divisions, namely: Central, Dagoretti, Embakasi, Kibera, Makadara, Pumwani, Kasarani, and Westlands ( Figure 2 ). In Nairobi, the study was conducted in four divisions of Kibera, Pumwani, Embakasi and Makadara with the highest number of slums. Nairobi city has about 60% of its population living in slums which are characterized by a high density of about 250 housing units/hectare with each housing unit having approximately 6 persons (Otiso, 2003; Ruhiu et al., 2009 where most of them have been installed to address sanitation challenges therein. The criteria for selection of Kampala and Nairobi is that both cities represented typical characteristics of urban areas in developing countries where the most prevalent form of sanitation technology is pit latrines, which can be connected to digesters to form biogas latrines. Secondly, the study targeted cities where biogas latrines existed in order to assess their performance. The biogas latrine technology was introduced in Nairobi by a nongovernmental organization (NGO); Umande Trust where usage and management is mostly by the slum community. On the other hand in Kampala, the technology was introduced by Kampala Capital City Authority (KCCA) and Sustainable Sanitation and Water Renewal Systems (SSWARS), a local NGO. In Kampala, the biogas latrine technology is slowly picking up and currently available in institutions and communities following installation mainly by KCCA and SSWARS. All the surveyed biogas latrines in Kampala and Nairobi were built for communal or institutional use (Figure 3) . The sizes and types of stoves connected to biogas latrines were similar enough in both Kampala and Nairobi (Figure 4) . Training of users on operation and maintenance activities/aspects in biogas latrines Performance Number of biogas burning hours in a day coming from similar gas stoves Users" satisfaction (full, partial, none) *Motivation of owners/users in installation of biogas latrines meant the derived benefits from biogas latrine use that made the owners or users to construct the biogas latrine.
Sample size and selection
Selection of biogas latrines was based on them having been constructed and commissioned at least two months prior to the survey to ensure that the users had experienced some effects in terms of biogas and slurry use. In Kampala, there were four existing biogas latrines that satisfied the selection criterion, the sample size was the same as the population (n = N). In Nairobi, there were thirty existing biogas latrines at the time of the survey and fifteen were taken as a sample (n = 0.5 N) having satisfied the selection criterion. The groups of people interviewed during the survey included users, technicians or masons responsible for construction and owners or owners" representatives of the biogas latrines. The questions asked were guided by parameters and variables outlined in Table 1 .
Questionnaires and field observations
Pre-tested structured questionnaires were used to collect information on parameters of design, construction, operation, maintenance and performance of biogas latrines. They were administered to four biogas latrines in Kampala located in Kansanga Primary School (Makindye Division), Mengo Primary School (Rubaga Division), Nana Hostel (Central Division) and Mulago III area (Kawempe Division). The 15 biogas latrines surveyed in Nairobi were located in Gatwekera Tosha, Tosha II, Nicofeli, Muvi, Jasho Letu, Stara, Kidyot, Rurii, Nyaharwa and Kibera Girls Primary School in Kibera Division, Twaweza and St. Hellena in Pumwani Division, Top I and Top II in Embakasi Division and Heshima Disabled in Makadara Division. The variables considered for each of the parameters studied are presented in Table 1 . In addition, field observations of biogas latrines components (digester, displacement chamber, latrine superstructure, gas piping system and slurry pit) guided by a check list were undertaken to ascertain the conditions of the components. These were graded for performance on a scale of 1 to 3; where 1 was poor, 2 was fair and 3 was good.
Data analysis
Data collected using questionnaires were entered manually and cross checked to ensure the entries were correct. Data from the questionnaires on parameters of design, construction, operation and maintenance were analyzed using statistical package, SPSS Version 21. Data were normalized through square root transformation to enable analysis by principal component analysis (PCA). PCA was used to establish the correlation between variables of performance of biogas latrines and design, construction, operation and maintenance. PCA was applied to 15 variables (Table 1) ; motivation of owners/users, skills of masons, standards in construction materials, digester volume, physical conditions of the biogas latrines, users of the biogas latrines, use of co-substrate(s), maintenance of valve, checking leakage, draining of condensate water, cleaning of overflow, oiling of gas tap, cleaning of stove, burning hours/day and users" satisfaction. The number of principal components (PCs) extracted was based on criterion by Kaiser (1960) where the PC(s) with Eigen values greater than 1 were considered. The PCs were used to identify the most important variables affecting the performance of biogas latrines. PCA results were presented as component scores and loadings. A varimax rotation was applied to the PCs to minimize the contribution of variables with low loadings and maximize the contribution of variables with high loadings. Performance of biogas latrines (indicated by average number of burning hours/day which was coming from similar gas stoves) was plotted against each variable for the parameters of design, construction, operation and maintenance.
RESULTS
Characteristics and status of biogas latrines
All the digesters in Kampala and Nairobi were of fixed dome type and their volumes ranged from 18 to 54 m 3 . The main materials for construction of the biogas latrines in Kampala and Nairobi were bricks and quarry stones, respectively. The average estimated number of users of biogas latrines in Kampala and Nairobi was 200 and 223, respectively.
Masons used for construction of the biogas latrines were all skilled in Kampala. However, the level of skills of masons in Nairobi was reported as very skilled (7%), skilled (80%) and non-skilled (13%). The categorization of the masons" skills was done based on their reported experience and training in construction of biogas latrines. The very skilled masons had long term experience (more than 5 years) and training in construction of the biogas latrines while the skilled ones were also experienced and trained in construction of biogas latrines, but not on a long term basis (less than 3 years). The non-skilled ones had neither experience nor training in construction of the biogas latrines.
All the users of biogas latrines except for two latrines in Nairobi were trained on various aspects of operation and maintenance (O&M), covered: proper feeding of the digester, optimal use of biogas, avoidance of using nonbiodegradable matter, regular maintenance of biogas latrine components (pit latrine, digester, mixing chamber, displacement chamber, biogas pipeline and slurry pit) and proper handling of gas stoves. The training of users was on spot (13%), short term (54%), comprehensive (20%) and no training (13%) in Nairobi, while in Kampala it was on spot (50%) and short term (50%). On spot training entailed giving brief instructions on O&M to users of biogas latrines for a day by masons responsible for their construction. Short term training involved giving detailed instructions on O&M to users of biogas latrines for two or three days by the masons. Comprehensive training was done by qualified personnel from the local authority or service provider by means of detailed instructions on O&M for a period of one week or more. Frequency of cleaning of latrines and gas stoves was carried out either daily or as and when needed. There was daily cleaning (53%), weekly (16%), bi-weekly (21%) and those latrines which were cleaned as need arises (10%). Incidentally, the bi-weekly cleaned latrines had the highest mean number of users (210 people), with a mode of 300.
Owners or users of biogas latrines were motivated by the benefits attained from their use. The benefits were social, environmental and health related. Social benefits were the prestige and decency that the users could get from the use of biogas latrines. Environmental benefits were the advantages the users could get from having a clean environment as a result of their use of biogas latrines while health benefits were reduction in the water borne or respiratory diseases in the users" population as a result of using biogas latrines in cooking compared to use of fire wood. Majority of the biogas latrines (75%) in Kampala had their users" motivated to install the facilities due to social benefits, while most of the biogas latrines in Nairobi (80%) had their users motivated to construct the facilities due to health benefits. In this study, the number of burning hours per day of gas stoves connected to the digesters was used as an indicator for performance of biogas latrines in Kampala and Nairobi. The average number of burning hours/day for biogas latrines in Kampala and Nairobi was 1.3 and 1.7, respectively.
Effect of digester volume on performance of biogas latrines in Kampala and Nairobi
The digesters had volumes ranging from 18 to 54 m 3 for Kampala and 30 to 54 m 3 for Nairobi with differences in performance as depicted in Figure 5 . The average number of burning hours in a day for the smallest volume of the digester (18 m 3 ) was fewer (0.8) compared to the largest digester (54 m 3 ) with 1.5 and 2.5 in Kampala and Nairobi, respectively. Performance of the biogas latrines increased with increasing volume of the digester, irrespective of the location and the assumption is that other factors that could have affected their performance were constant.
Construction of biogas latrines
Construction of biogas latrines in Kampala and Nairobi was done by masons with different skills. The average number of burning hours/day of the gas stoves of the biogas latrines (performance) varied with the different skills of masons ( Figure 6 ). The biogas latrines constructed by very (highly) skilled masons in Nairobi produced biogas with longer average number of burning hours in a day (3) compared to those constructed by skilled masons in Kampala and Nairobi that had daily average number of burning hours of 1.1 and 1.6, respectively. There was no biogas latrines constructed by non-skilled and very skilled masons in Kampala. The performance of biogas latrines seemed to be influenced by the skills of the masons.
Use of standards in construction entailed ensuring that the masons took prescribed ratios of building materials. The biogas latrines in Nairobi where standards in construction were used had a higher number of burning hours in a day (2.7) compared to those in both Kampala and Nairobi (1.1 and 1.6, respectively) where standards were not used ( Figure 6 ). There was no use of standards in construction of all biogas latrines in Kampala. Therefore, the use of standards in construction of biogas latrines influenced their performance.
Motivation factors for biogas latrine installation
The owners and users of biogas latrines were motivated by different benefits to construct or install them. The benefits included social, environmental and health. As shown in Table 2 , motivation of owners/users affected performance of biogas latrines. The biogas latrines in Nairobi, where the owners were motivated to install them due to environmental benefits produced more gas in a day (2.5 h) compared to those installed due to social and health benefits. The biogas latrines installed due to health benefits also registered a fair performance with the average number of burning hours in a day being 1.7. In Kampala, where social benefits were the main motivation factor, the biogas latrines gave more biogas in a day (1.2 h) compared to those whose construction was motivated by environmental benefits (1 h). Biogas latrines installed due to environmental benefits as a motivation factor exhibited better performance which could have been as a result of the users operating and maintaining the facilities Figure 7. Average number of burning hours of gas stoves of biogas latrines with cow dung addition as co-substrate in Kampala and Nairobi.
well.
Operation and maintenance of biogas latrines
Use of co-substrate for digester feedstock
All the biogas latrines in Nairobi had human excreta without cow dung (co-substrate) fed into the digesters, while all the biogas latrines in Kampala had co-digestion of human excreta and cow dung. Cow dung was fed once per week for each of the surveyed units in Kampala with an average amount of 150 kg per feeding. The owners/users of the biogas latrines in Kampala reported that they were motivated to use cow dung as cosubstrate after failing to get adequate gas for their use. Addition of cow dung as a co-substrate to human excreta increased the average number of burning hours per day of gas stoves of biogas latrines in Kampala from 0.5 to 1.1 (Figure 7) . However, without the addition of cow dung as was the case with biogas latrines in Nairobi, the average number of burning hours in a day was 1.7, which was relatively high. This better performance of biogas latrines in Nairobi without addition of cow dung could be attributed to other factors other than co-digestion which may be use of standards in construction as reported in construction of biogas latrines.
Frequency of operational and maintenance (O&M) activities
One of the aspects of operation and maintenance of biogas latrines was water availability in the digester. Water was applied daily in all the biogas latrines in Kampala and Nairobi. On average, 11 L/m 3 of digester/day was used in biogas latrines in Kampala whose average digester volume was 18 m 3 , while 23 L/m 3 of digester/day were used in digesters in Nairobi, that had an average digester volume of 30 m 3 . The average water usage was higher in Nairobi than Kampala which may have been due to the different sizes of the digester and different training levels of users on O&M aspects. It was observed that majority of those who managed/used the biogas latrines had limited knowledge on different operational and maintenance activities like: maintenance of main valves, checking leakages, draining of condensate water, cleaning of overflow, oiling of gas tap and cleaning of gas stoves. However, those who received comprehensive training were well versed with regular operation and maintenance of the facilities. It was further observed that the operation and maintenance cost of each biogas latrines on average per year was US$ 250 and 1500 in Kampala and Nairobi, respectively. The higher operation and maintenance costs of biogas latrines in Nairobi could be attributed to the bigger sizes of the facilities. Most of the operational and maintenance activities in biogas latrines were carried out on a need basis (as and when required) except the cleaning of the gas stove which was done either daily or weekly (Table 3 ). The other aspect of maintenance that deserved attention was the frequent usage of the water trap to release condensate water build up within the gas pipeline system, but it was rarely done in both locations. The frequency of carrying out the O&M activities ranged from daily to never (none occurrence of the activity). In general, Nairobi had more regularly maintained biogas latrines compared to Kampala.
Training of users on operation and maintenance aspects of the biogas latrines
Another important factor that influenced biogas latrine performance was training of users of the biogas latrines. The users were trained on proper feeding of the digester, optimal use of biogas, avoidance of use of nonbiodegradable matter, regular maintenance of biogas latrine components and effective application of slurry. The training session were on spot at the biogas latrine locality, short term duration off-site and comprehensive which included both on-site and off-site sessions. The biogas latrines where users had comprehensive training in Nairobi recorded the highest number of burning hours in a day (2.5). Users in Kampala were not given any comprehensive training on O&M. Biogas latrines whose users were given on spot training in Kampala and no training in Nairobi recorded the least number of average burning hours in a day of 0.8 and 1.3, respectively (Figure 8 ). Hence, training of users on O&M aspects is an important factor affecting performance of biogas latrines.
Users' satisfaction on the functioning of the biogas latrines
Users of biogas latrines were assessed on their level of satisfaction in using of the biogas. The level of satisfaction was taken as a variable that gave an indication of the performance of the biogas latrines. It was noted that indeed the satisfied users experienced longer burning hours (Figure 9 ). Therefore, it can be considered that the full satisfaction was as a result of the biogas being enough for the users" energy needs which were mainly cooking. Partial satisfaction implied the users could use the biogas in a day, but it could not satisfy all their cooking energy needs. The users whose biogas latrines experienced the least number of burning hours in a day were not satisfied as shown in biogas latrines in Kampala which generated biogas for a half an hour/day which was inadequate for any of their cooking energy needs.
Overall performance of biogas latrines using PCA
Performance of biogas latrines was indicated by the number of burning hours in a day and users" satisfaction. This was done by comparing the contribution referred to as loading in PCA on the items (variables) within each principal component (PC). The variables produced unrelated components with Eigen values greater than 1, all cumulatively accounting for 81% of the variance of the data set (Table 4) . PCA indicated that the main attributes to the performance of biogas latrines were using standards during construction, checking of gas leakage and training of users on operation and maintenance aspects which were dominant in PC1. It was noted that the physical conditions of biogas latrines reduced their performance, which is linked to the operations and maintenance activities. In this study, PCA indicates that biogas latrine performance increased with the number of users which is associated with feeding of the digester. The effect of skills of masons and volume of digesters was reflected in PC 5 and 6, respectively.
The first principal component (PC1) explained up to 20% of the variance of the analyzed data set (variables) and was characterized by high PCA loadings of variables under construction, operation and maintenance of the biogas latrines which were: use of standards in construction, training of users on O&M, maintenance of main valve and checking of leakages. The second principal component (PC2) that accounted for 15.6% of the variance, explained cumulatively 36% of the variance and was characterized by high PCA loadings for variables The values with * are loadings that are significant in a principal component (>0.5).
of performance, construction, operation and maintenance which were: users" satisfaction, physical conditions of biogas latrines, and users of biogas latrines. The third principal component (PC3) that accounted for 14.2% of the variance, explained cumulatively up to 50% of the variance of the analyzed data set and had high loadings for variables under operation and maintenance which were: draining of condensate water and cleaning of overflow. PC4 accounted for 11.8% of the variance, explained cumulatively up to 62% of the variance in the data set and was characterized by high loadings of variables for construction, operation, maintenance and performance which were: motivation of users, oiling of gas tap and number of burning hours/day. This was an important principal component in explaining the effect of some of the variables for construction, operation and maintenance (motivation of owners/users in installing biogas latrines and oiling of gas tap; O&M activity) on the performance of the biogas latrines (indicated by the number of burning hours of biogas in a day). PC 5 accounted for 10.2% of the variance, explained cumulatively 72% of the variance in the data set and had high loadings of variables for construction, operation and maintenance which were: skills of masons and maintenance of main valve. Lastly, PC 6 accounted for 9.2% of the variance, explained cumulatively 81% of the variance of the data set and exhibited high loads for variables under design and construction which were: digester volume and physical conditions of the biogas latrines.
DISCUSSION
Design of digesters of biogas latrines in this study focused on two variables; digester type and volume. The reason why all the digester types in both Kampala and Nairobi are fixed dome, could be attributed to the following: (a) they are easy to construct with locally available materials, (b) they are less costly, and (c) they are easy to insulate by constructing below ground as stated by (Santerre and Smith, 1982) . Additionally, Nijaguna (2002) reported that fixed dome type digester is the most common digester design used in developing countries. Fixed dome digesters require high structural strength during construction coupled with high quality workmanship to make them gas tight (Bensah et al., 2011; Kishore et al., 1987; Nijaguna, 2002) . The requirement of high quality workmanship to achieve gas tightness implies that for poor construction of fixed dome digesters in Kampala and Nairobi gas leakage would occur and hence reduced number of burning hours of the gas stoves.
The findings of this study showed that skills of masons responsible for construction of biogas latrines affected the performance of biogas latrines as the number of burning hours increased with increase in the skills of masons from non-skilled to the very skilled (1.5 to 3 h/day, respectively) ( Figure 5 ). The use of standards during construction was undertaken in the majority of biogas latrines of Nairobi resulting in the number of burning hours/day being relatively higher (2.7) implying better performance. Schaart (2010) reported that using skilled masons to construct biogas plants requires that standards in construction be observed and hence performance of the biogas plants enhanced. This is comparable with our results (Figures 5) whereby increase in skills of masons and use of standards in construction resulted in increased number of burning hours per day.
The materials used for construction in Kampala and Nairobi were bricks and quarry stones respectively, which according to Datong (1989) and Jash and Basu (1999) are less costly to acquire and maintain compared to other materials. However, Rajendran et al. (2012) stated that use of non-elastic material like bricks or stones in construction of biogas digesters as it was the case in Kampala and Nairobi may result in gas escape through pores when pressure in the digester increases. This is however countered by a weak ring which according to Sasse (1991) prevents vertical cracks in the digester due to increase in gas pressure. The gas pressure also results into discharge of the slurry through the displacement chamber. The other disadvantage is that they also need more space compared to elastic construction materials of polyvinyl chloride (PVC), polyethylene, neoprene and rubber mainly used in plug flow digesters (Kalia, 1988) .
Organizations or persons responsible for installation of the biogas latrines in Kampala and Nairobi were motivated by different factors to adopt the biogas latrine technology. These factors were social, health and environmental benefits. This study showed that in Kampala and Nairobi social and health benefits were the major factors considered respectively to have motivated the owners or users in installing the biogas latrines, one of the factors (health benefits) is related to public health and sanitation. According to Arthur (2011) , adoption of biogas plants for communal use is primarily a result of a sanitation and public health benefits and production of biogas is secondary. However, in this study, the owners and users of biogas latrines also took into account other benefits (social) apart from those that were related to sanitation and public health (environmental and health benefits) (Table 2) , where the use of biogas was considered prestigious (social benefit) and a major factor in installation of the biogas latrines. Although, our study suggests that motivation for using biogas latrines was due to health benefits, handling and use of human excreta and slurry have a disadvantage of human interaction with disease causing pathogens (total coliforms, Escherichia coli, helminths and protozoa) as the anaerobic digestion processes and retention times in the biogas latrines may not allow for complete inactivation of pathogens (Manser et al., 2015; Mehl et al., 2011) .
There is need therefore for further sanitization of slurry.
Adoption of biogas technology where the production of biogas through anaerobic digestion process is energyefficient and environmentally beneficial was reported by Garfi et al. (2012) and Mwirigi et al. (2009) as a motivation in the uptake and sustainability of the technology. This is in agreement with our findings where users or owners of biogas latrines were also motivated by environmental benefits of the facilities in both Kampala and Nairobi. Hence, it can be stated that motivation of users/owners of biogas latrines by environmental, social and health benefits may have improved the uptake of the technology and therefore its performance. Indeed, results from PCA (Table 4) showed that motivation of users/owners in installation of the biogas latrines was significantly (PCA loading of 0.744) related to the number of biogas burning hours in day.
Feeding of the digester using human excreta was enhanced by introducing cow dung as co-substrate in all biogas latrines in Kampala with the number of burning hours increasing from 0.5 to 1.1. Co-digestion improves biogas yield due to improvement of nutrient balance and optimization of flow qualities (Ağdağ and Sponza, 2007; Mata-Alvarez et al., 2000) . Additionally, Khalid et al. (2011) reported multiple benefits of co-digestion which are: facilitation of a stable and reliable anaerobic digestion performance and production of slurry of good quality plus an increase in biogas yield. However, the biogas latrines in Nairobi performed better than those in Kampala without co-digestion of human excreta and cow dung. This could be attributed to other factors influencing their performance other than co-digestion like carrying out frequent and regular operation and maintenance activities (Table 3) . There is also a possibility that codigestion of human excreta and cow dung in the biogas latrines of Nairobi could lead to increased biogas production.
The frequency of operational and maintenance activities in biogas latrines of Kampala and Nairobi was done mainly on need basis, this meant that not until problems were evident, the operators or users of the biogas latrines had limited knowledge of what could have been going wrong. PCA (Table 4) revealed that one of the operation and maintenance activity; oiling of gas tap was significantly (PCA loading of 0.589) related to the number of biogas burning hours in a day. According to Day et al. (1990) and Ghimire (2005) , frequent maintenance of biogas plants ensures that there is improved performance of biogas production. The causes of failure of biogas plants as reported by Bhat et al. (2001) are technology and skill related. Limited knowledge or skills on operation techniques and maintenance by users and those managing biogas latrines affected their performance negatively. Biogas leakage due to damage of biogas pipelines and improper maintenance of the biogas latrines may be a potential source of greenhouse gas emissions, hence contributing to global warming and climate change (Yu et al., 2008) . On the other hand with properly maintained biogas latrines, greenhouse gases such as methane will be well controlled (Jicong et al., 2006) .
Training of users on operation and maintenance aspects of the biogas latrines had an effect on their performance. There was increase in the number of burning hours in a day of gas stoves of biogas latrines with increase in training from none at all to comprehensive. With comprehensive training of users our results showed that the biogas latrines produced a higher number of burning hours in a day (2.5) than those whose users were subjected to no training (1.3) (Figure 7 ). This case is in line with observations made by Ghimire (2005) who reported that training of users and follow up services, thereafter, is one of the factors that contributes to failure or success of biogas plants.
Conclusions
This study assessed the effect of design, construction, operation and maintenance on performance of biogas latrines in Kampala and Nairobi and the following key conclusions can be drawn.
(1) Some variables of parameters of design, construction, operation and maintenance affected performance of the biogas latrines indicated by the number of biogas burning hours in a day. These variables were digester volumes, skills of masons, use of standards in construction, motivation of users/owners in installation of biogas latrines, training of users on O&M aspects, use of cosubstrates, O&M activity-oiling of gas tap, number of users and physical conditions of the biogas latrines. (2) Biogas latrines, which were constructed following building standards achieved good performance. Furthermore, there was incremental performance of biogas latrines with increase in skills of masons from nonskilled to very skilled. (3) High scale (comprehensive) training of users on the O&M aspects gave corresponding increase in performance of the biogas latrines. (4) The use of cow dung as co-substrate to human excreta increased the performance of the biogas latrines in Kampala and when cow dung was absent, biogas production was not sustained. The non-application of cow dung in the biogas latrines in Nairobi did not result into biogas shortages.
